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tory.  Alternatively,  mechanosensory 
neurons  might  be  guided  by  adhe-






between Dscam  isoforms.  It  will  be 
crucial  to  determine  which  Dscam 
isoform  functions  required  for  gen-
erating disparate aspects of mecha-
nosensory  neuron  morphology  are 
repulsive or attractive, a goal which 
should  be  facilitated  by  molecular 







tion  to  axon  branching,  Dscam  is 




Dscam  isoform  diversity.  If  indeed 
Dscam isoforms are expressed non-
randomly,  it  will  also  be  extremely 
interesting to learn how precise reg-
ulation  of  Dscam  alternative  splic-









Chen,  B.E.,  Konda, M., Watson,  G.A.,  Pu-
ettmann-Holgado, R., Lamar, D.R., and Sc-
mucker, D. (2006). Cell, this issue.
Hummel,  T.,  Vasconcelos,  M.L.,  Clemens, 












gates,  C.T.,  Lee,  C.H.,  and  Lee,  T.  (2004). 
Neuron 43, 663–672.
Wojtowicz,  W.M.,  Flanagan,  J.J.,  Millard, 




celos,  M.L.,  Chess,  A.,  and  Zipursky,  S.L. 
(2004). Neuron 43, 673–686.
Zhu, H., Hummel,  T., Clemens,  J.C., Berd-
nik,  D.,  Zipursky,  S.L.,  and  Luo,  L.  (2006). 
Nat. Neurosci. 9, 349–355.circadian Transcription:  
Passing the HAT to cLOcK




In animals, the circadian timekeeping mechanism relies on the coordinated activities of 
activators and repressors to control rhythmic transcription. In this issue of Cell, Doi et al. 
(2006) reveal that rhythms in histone acetylation are necessary for rhythmic transcription 
and that the histone acetyl transferase responsible is CLOCK, a key transcription factor 
that is essential for circadian oscillator function.Circadian  clocks  control  physi-
ological, metabolic,  and  behavioral 
rhythms  in organisms  ranging  from 









vators  and  repressors.  In  addition 
to  controlling  rhythmic  expression 
of  key  feedback  loop  components, 
these feedback loops drive rhythmic 
expression  of  “output”  genes  that 
control  physiological,  metabolic, 
and behavioral rhythms.r Inc.In  mammals  and  other  verte-
brates,  heterodimers  of  the  basic 
helix-loop-helix-PAS  transcription 
factors  CLOCK  and  BMAL1  acti-
vate  transcription  of  the  Period 
(Per1 and Per2) and Cryptochrome 











releases  PER-  and  CRY-
dependent  repression  and 
permits  CLOCK-BMAL1 
to  initiate  the  next  cycle  of 
Per  and  Cry  transcription. 
A  similar  feedback  loop 
operates  in Drosophila and 
other  insects,  except  that 
the  homologous  transcrip-
tional  activators  CLOCK 







tin  modifications  such  as 
acetylation,  phosphoryla-
tion,  and  methylation  of 




allel  with  histone  acetyla-
tion.  Specifically,  histone 
H3  is  acetylated  in  chro-
matin  that  encompasses 
the  Per1,  Per2,  Cry1,  and 
Dbp  promoters  when 
these  genes  are  actively 
transcribed  (Curtis  et  al., 
2004;  Etchegaray  et  al., 
2003;  Naruse  et  al.,  2004; 
Ripperger  and  Schibler,  2006).  As 
histone  acetylation promotes  tran-
scription  by  “opening”  condensed 
chromatin, the enzymes that acety-
late histones, histone acetyl  trans-
ferases  (HATs),  act  as  transcrip-
tional coactivators by virtue of their 
interactions with sequence specific 
DNA  binding  transcription  fac-
tors. Previous studies demonstrate 
that  CLOCK-BMAL1  interacts  with 
p300/CBP  HAT  when  target-gene 
transcription  is  activated  in  vivo 
(Curtis  et  al.,  2004;  Etchegaray  et 
al.,  2003).  Given  that  a  deletion 
within the Q-rich domain of CLOCK 
abolishes  CLOCK-BMAL1  depen-
dent  transactivation  (Lowrey  and 
Takahashi, 2004), it is possible that 
CLOCK  may  mediate  transactiva-
tion by binding to p300/CBP HAT.
In  this  issue  of  Cell,  Sassone-
Corsi  and  colleagues  (Doi  et  al., 
2006)  report  that  HAT  activity  is 
indeed required for CLOCK-BMAL-
dependent  transactivation,  but 
surprisingly  the  necessary  HAT  is 
CLOCK  itself.  The  Q-rich  domain 
of CLOCK shares a high degree of 
sequence  similarity  with  ACTR—a 
member of the SRC family of HATs—
and with  acetyl-coenzyme A  (ace-
tyl-CoA)  binding  motifs  from  the 
MYST  family  of  HATs.  Sequences 
shared  between  mouse 
CLOCK  and  these  HATs 
are  conserved  in  CLOCK 
homologs  from  other  ver-
tebrates  and  Drosophila, 




site  mutants  that  eliminate 
the HAT  activity  of  CLOCK 




E  box  binding  or  overall 
CLOCK  and  BMAL1  levels 
(Doi  et  al.,  2006),  it  is  dif-
ficult  to  exclude  the  possi-
bility that these acetyl-CoA 
binding  site mutants  affect 
other  aspects  of  CLOCK 
function. Nevertheless, this 
result  argues  that  the  HAT 
activity of CLOCK mediates 
CLOCK-BMAL1  transacti-
vation  (Figure  1).  Although 
BMAL1  enhances  the  HAT 
activity  of  CLOCK,  BMAL1 
does  not  possess  HAT 
activity  and  cannot  trans-




to  activate  Per1  transcrip-
tion  argues  that  histone 
acetylation  is  required  for 
CLOCK-BMAL1-dependent 
transcription  of  Per1  and 
probably  all  other  CLOCK-





to  acetylate  histones  or  activate 
transcription  in  the  absence  of 
CLOCK  HAT  activity  (Doi  et  al., 
2006).  Given  that  CLOCK-BMAL1 
initiates  feedback  repression  by 




circadian  transcription  and,  there-
fore, circadian oscillator function.
Results  from  Doi  et  al.  (2006) 
figure 1. Model for the Regulation of Rhythms in 
cLOcK-BMAL1-Dependent Transcription
Transcriptional activation  requires E box binding by CLOCK 
(C)-BMAL1  (B)  heterodimers  and  CLOCK  histone  acetyl 
transferase  (HAT)-dependent acetylation of histone H3  (Ac). 
Transcriptional  repression  is  mediated  by  several  events. 
First, PER and CRY bind to CLOCK-BMAL1. Formation of this 
complex can inhibit CLOCK HAT activity by promoting CLOCK 













establish  that  histone  acetylation 
is  required  to  activate  CLOCK-
BMAL1-dependent  transcription. 
Accordingly,  the  feedback  repres-
sors PER and CRY are expected to 
repress  transcription  by  reversing 
the histone acetylation mediated by 
CLOCK.  Indeed,  feedback  repres-
sion by PER and CRY is associated 
with  decreased  histone  acetyla-
tion in CLOCK-BMAL1 target genes 
(Curtis  et  al.,  2004;  Etchegaray  et 
al., 2003; Naruse et al., 2004; Rip-
perger  and  Schibler,  2006).  Such 
inhibition is likely to be direct since 
PER and CRY form a complex with 
CLOCK-BMAL1  to  repress  tran-
scription (Lee et al., 2001). Forma-




(Figure  1).  The  release  of  CLOCK-
BMAL1  from  E  boxes  may  result 
from a PER- and CRY-induced con-
formational  change.  Alternatively, 
PER  and  CRY  binding  to  CLOCK-
BMAL1  promotes  CLOCK  phos-
phorylation (Lee et al., 2001), which 
could  also  release  CLOCK-BMAL1 





However,  the  situation  in  mam-
mals is more complex because PER 
and  CRY  do  not  always  remove 
CLOCK-BMAL1 from E boxes  (Fig-
ure 1); CLOCK-BMAL1 constitutively 
binds  to  Per1  E  boxes  indepen-
dent  of  PER  and  CRY  abundance 
and  preferentially  binds  to Cry1  E 
boxes  when  PER  and  CRY  levels 
are  high  (Etchegaray  et  al.,  2003; 
Lee et al., 2001). Nevertheless, the 
same  mechanisms  proposed  to 
inhibit  E  box  binding  by  CLOCK-426  Cell 125, May 5, 2006 ©2006 ElsevieBMAL1—conformational  changes 
and  phosphorylation—may  also 
mediate PER- and CRY-dependent 
inhibition  of  CLOCK  HAT  activity 
(Figure 1).
Once  PER  and  CRY  inhibit 
CLOCK HAT activity, histones must 
be  deacetylated  to  fully  repress 
transcription.  Two  mechanisms 
have been proposed to account for 
PER-  and  CRY-dependent  histone 
deacetylation. In one, PER and CRY 
promote  histone  deacetylation  by 
bringing  the  corepressor  Sin3  and 
one  or  more  histone  deacetylases 
(HDACs)  into  the  CLOCK-BMAL1 
complex  (Naruse  et  al.,  2004).  In 
the other,  low  levels of HDACs are 
always  present  in  CLOCK-BMAL1 
complexes,  but  histones  only 
become  deacetylated  when  PER 
and CRY enter  the CLOCK-BMAL1 
complex  to  inhibit  CLOCK  HAT 
activity  (Etchegaray  et  al.,  2003). 
Given that these mechanisms were 
derived  from  studies  of Per1  tran-
scription in liver and mouse embry-
onic  fibroblasts,  additional  studies 
are  needed  to  determine  whether 
they  operate  in  other  tissues  and 
with  other  genes.  PER  and  CRY 




include  the  production  of  hypo-
phosphorylated  CLOCK  (by  deg-
radation  of  hyperphosphorylated 











CLOCK.  Although  this  possibility 
has not been explored experimen-
tally,  metabolic  activity  does  alter 
CLOCK-BMAL1 DNA binding activ-
ity in vitro, presumably through the 
PAS  or  bHLH  domains  of  CLOCK 
and  BMAL1  (Rutter  et  al.,  2002). 
Such  metabolic  feedback  could 
modulate  the  phase  and  ampli-
tude  of CLOCK-BMAL1-dependent 
transcription,  thereby  fine  tuning 
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